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Objective: Endurance exercise training reduces insulin resistance, adipose tissue inﬂammation and non-alcoholic fatty liver disease (NAFLD), an
effect often associated with modest weight loss. Recent studies have indicated that high-intensity interval training (HIIT) lowers blood glucose in
individuals with type 2 diabetes independently of weight loss; however, the organs affected and mechanisms mediating the glucose lowering
effects are not known. Intense exercise increases phosphorylation and inhibition of acetyl-CoA carboxylase (ACC) by AMP-activated protein kinase
(AMPK) in muscle, adipose tissue and liver. AMPK and ACC are key enzymes regulating fatty acid metabolism, liver fat content, adipose tissue
inﬂammation and insulin sensitivity but the importance of this pathway in regulating insulin sensitivity with HIIT is unknown.
Methods: In the current study, the effects of 6 weeks of HIIT were examined using obese mice with serineealanine knock-in mutations on the
AMPK phosphorylation sites of ACC1 and ACC2 (AccDKI) or wild-type (WT) controls.
Results: HIIT lowered blood glucose and increased exercise capacity, food intake, basal activity levels, carbohydrate oxidation and liver and
adipose tissue insulin sensitivity in HFD-fed WT and AccDKI mice. These changes occurred independently of weight loss or reductions in
adiposity, inﬂammation and liver lipid content.
Conclusions: These data indicate that HIIT lowers blood glucose levels by improving adipose and liver insulin sensitivity independently of
changes in adiposity, adipose tissue inﬂammation, liver lipid content or AMPK phosphorylation of ACC.
 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Endurance exercise training improves insulin sensitivity and delays the
onset of type 2 diabetes through mechanisms which are not fully
understood [1e3]. Despite the importance of endurance exercise
training, less than 20% of individuals complete the recommended
150 min of endurance exercise per week, frequently citing a lack of
time as a major deterrent [4]. Over the last decade, several studies in
humans have found that high-intensity interval training (HIIT), an ex-
ercise training program involving brief bouts of intense exercise (90e
100% of VO2 max) followed by periods of recovery, can elicit similar
metabolic adaptations to classical endurance exercise training but with
a much shorter time commitment. Importantly, recent studies have
established that HIIT can lower blood glucose and markers of insulin
resistance independently of alterations in adiposity/body mass in in-
dividuals with insulin resistance and type 2 diabetes [5e9]. Despite
these beneﬁcial metabolic effects, the tissues involved and mecha-
nisms underlying the glucose lowering effects of HIIT have not yet been
deﬁned.1Division of Endocrinology and Metabolism, Department of Medicine, McMaster Universi
McMaster University, Hamilton, Ontario, Canada 3Division of Pediatric Endocrinology,
Chemistry and Metabolism, St Vincent’s Institute and Department of Medicine, Univer
*Corresponding author. Division of Endocrinology and Metabolism, Department of Med
3Z5, Canada. Tel.: þ1 905 521 2100x21691; fax: þ1 905 777 7856. E-mail: gstein
Received July 31, 2015  Revision received September 11, 2015  Accepted Septemb
http://dx.doi.org/10.1016/j.molmet.2015.09.006
MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier GmbH. This is an op
www.molecularmetabolism.comInsulin resistance is associated with the development of low grade
inﬂammation caused by an increased accumulation of pro-
inﬂammatory macrophages into adipose tissue and ectopic
accumulation of lipid in the liver (also known as non-alcoholic fatty liver
disease (NAFLD)) [10e15]. Endurance exercise training can reduce
liver lipid content [16e23] and adipose tissue inﬂammation
[10,11,24e26]; however, a caveat of these studies is that they are
often accompanied by signiﬁcant weight loss/reductions in adiposity
[18e25], thus making it difﬁcult to conclude whether improvements
were attributable to the exercise training per se or weight loss. HIIT
improves insulin sensitivity without weight loss, but the molecular
events and tissues involved in mediating these effects are largely
unknown.
One mechanism by which HIIT may improve insulin sensitivity involves
the activation of AMP-activated protein kinase (AMPK) which occurs in
skeletal muscle [27e30], liver [29,31] and adipose tissue [29,32,33]
during intense exercise. AMPK is vital for suppressing inﬂammation
in adipose tissue macrophages [34e37], an effect associated with
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Abbreviations
ACC acetyl-CoA carboxylase
AccDKI serineealanine knock-in mutations of ACC1 Ser79 and
ACC2 Ser212
ALT alanine transaminase
AMPK AMP-activated protein kinase
AST aspartate transaminase
AUC area under the curve
CPT-1 carnitine palmitoyl transportase-1
CT computed tomography
DAG diacylglycerol
GDR glucose disposal rate
GIR glucose infusion rate
HFD high-fat diet (45% kcal fat)
HGP hepatic glucose production
HIIT high-intensity interval training
ITT insulin tolerance test
NEFA non-esteriﬁed fatty acids
RER respiratory exchange ratio
TAG triacylglycerol
WT wildtype
Original articlemacrophage lipid content [34]. Similarly, the activation of AMPK in
hepatocytes also increases fatty acid oxidation, while reducing fatty
acid synthesis and liver lipid content [34,38]. The effects of AMPK on
fatty acid metabolism are mediated through the phosphorylation and
inhibition of acetyl-CoA carboxylase 1 (ACC1) at Ser79 and ACC2 at
Ser221 (Ser212 in mice) which inhibits the production of malonyl-CoA,
a metabolic intermediate that provides acetyl groups that are incor-
porated into fatty acids during their synthesis and is also an allosteric
inhibitor of carnitine palmitoyltransferase 1 (CPT-1) (for review see
[39]). The mutation of AMPK phosphorylation sites on ACC1 (Ser79Ala)
and ACC2 (Ser212Ala) (AccDKI mice) results in constitutively active
ACC isozymes resulting in fatty and ﬁbrotic liver and impaired insulin
sensitivity when mice are fed a control chow diet [38]. Although
feeding mice a high-fat diet (HFD) reduces the differences in metabolic
proﬁle between WT and AccDKI mice, metformin was shown to
improve insulin sensitivity through ACC phosphorylation and subse-
quent reductions in de novo lipogenesis and liver lipid content [38].
Whether or not exercise training also regulates inﬂammation, liver lipid
content and insulin sensitivity via an AMPK-ACC signaling pathway is
currently unknown.
The primary aim of this study was to assess the mechanisms by which
HIIT improves insulin sensitivity in obese mice. We hypothesized that
this would involve improvements in adipose tissue and liver insulin
sensitivity, effects that would be mediated through the phosphorylation
and inhibition of ACC and subsequent reductions in liver lipid content
and adipose tissue inﬂammation. We found that HIIT improved liver and
adipose tissue insulin sensitivity but that these effects were inde-
pendent of liver lipid content, adipose tissue inﬂammation and ACC
phosphorylation.
2. MATERIALS AND METHODS
2.1. Mouse experiments
Male AccDKI (serineealanine knock-in mutations of ACC1 Ser79 and
ACC2 Ser212) mice generated on a C57Bl/6 background and wild-type
(WT) littermates were ﬁrst fed ad libitum with high-fat diet (HFD)
(45 kcal% fat, D12451, Research Diets; New Brunswick, NJ). Mice904 MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier Gmbwere maintained on a 12 h light/dark cycle and fed a HFD starting at
6e8 weeks of age for 12 weeks. After the ﬁrst 6 weeks of HFD, mice
were either exercise trained or remained sedentary for the ﬁnal 6
weeks. All experiments were approved by the McMaster University
(Hamilton, Canada) Animal Ethics Committee.
2.2. Exercise capacity and HIIT
Mice assigned to the HIIT exercise training group were acclimatized to
the treadmill over 3 days, running at 10e15 m/min for 15 min. To
assess improvements in exercise performance with training, an ex-
ercise capacity test was performed before training and after 5 weeks of
training. Mice began treadmill running at 8 m/min and treadmill speed
was increased by 1 m/min every 2 min until exhaustion. Exhaustion
was deﬁned as the point at which instead of running on the treadmill,
mice remained on the shockers that serve to encourage running for
more than 10 s. At exhaustion, time and speed were recorded. Dis-
tance traversed was calculated by adding the distance covered during
each 2 min interval at the different workloads/treadmill speed. The
experimenter was blinded to the mouse genotypes.
HIIT involved treadmill running 3 days per week for the ﬁnal 6 weeks of
HFD. Exercise training entailed 2 min of running at 100% of maximal
running speed from the initial exercise capacity test followed by 2 min
of rest for a total 60 min. This meant that HIIT mice ran on the treadmill
at 15 m/min for 2 min followed by 2 min of rest for a total of 60 min
during the ﬁrst week. The speed of running was increased by 1 m/min
every week with a ﬁnal speed of 22 m/min obtained during the ﬁnal
week of training. During the period that mice were trained, the
sedentary group remained in their cages and ate HFD ad libitum.
2.3. Metabolic parameters
The Oxymax Comprehensive Lab Animal Monitoring System (CLAMS;
Columbus Instruments, Columbus, OH) uses indirect calorimetry to
measure metabolic gas exchange, ambient activity, and food intake as
described previously [34]. Measurements beganw24 h after the latest
exercise session to avoid any post-exercise effects. Mice were accli-
matized to the cages for 12 h prior to measurements. Basal metabolic
rate was the VO2 when mice were inactive (as determined by  100
beam breaks per minute) as we have described previously [40].
2.4. Metabolic studies
To detect acute phosphorylation of AMPK and ACC in the liver of obese
mice fed a HFD for 6 weeks, liver was collected and snap frozen
immediately after an acute bout of HIIT exercise. For our chronic
training, body mass of mice was monitored and recorded weekly.
Computed tomography (CT) was used to assess the effects of exercise
training on whole body adiposity and analyzed with the Amira Visage
Imaging Software Program, as described previously [41]. Blood
(w100 mL) was collected by facial bleed in the fed and 12 h fasted
state (with fasting beginning in the evening), after 5 and 6 weeks of
exercise training, respectively. Blood glucose concentrations were
recorded by hand-held glucometer. Serum analysis of 12 h fasting
insulin (Millipore) was performed according to manufacturer in-
structions. Serum analysis of alanine transaminase (ALT) and
aspartate transaminase (AST) after 12 h of fasting was conducted as
per manufacturer instructions (Biooscientiﬁc). Serum adipokines
(interleukin-6 (IL-6), leptin, tissue plasminogen activator inhibitor-1
(tPAI-1), resistin, tumor necrosis alpha (TNF-a), and monocyte che-
moattractant protein-1/CCL2 (MCP-1)) were measured using the
Mouse Serum Adipokine kit from Millipore (St. Charles, MO), ac-
cording to manufacturer’s instructions. In addition, intraperitoneal (ip)
glucose (D-glucose (1 g/kg)) and insulin (human insulin (1 U/kg,H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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NovoRapid)) tolerance tests were performed after a 6 h fast after 5
and 6 weeks of exercise training, respectively. Blood glucose was
measured by glucometer from a small nick of the tail vein during a 2 h
span after ip injection. After 12 weeks of the study with 6 weeks of
exercise training and a cannulation of the jugular vein surgery (with
<10% loss in body weight change), hyperinsulinemic-euglycemic
clamps were performed as previously described [34,38]. After a 5 h
fast and 1 h of basal D- [3-3H]-glucose (7.5 mCi/h, 0.12 ml/h in 0.9%
saline) infusion, a constant infusion of insulin (10 mU/kg/min insulin in
0.9% saline) (Novorapid), containing D- [3-3H]-glucose (7.5 mCi/h,
0.12 ml/h in 0.9% saline) was begun. This was followed by an
infusion of 50% dextrose that was slowly increased until euglycemiae
blood glucose between 5.8 and 7.0 mM for at least 30 min e was
reached [34]. Steele’s equation for steady state conditions was used
to determine rates of hepatic glucose output and glucose disposal in
the basal and clamped state [42]. Finally, clamped blood was
collected and serum was used to measure non-esteriﬁed fatty acid
(NEFA) concentration, as per manufacturer instructions (Wako). 2-
deoxyglucose (DG) uptake into epididymal white adipose tissue
(eWAT) and mixed gastrocnemius muscle was measured following an
intravenous injection of 2-[14C]-DG (10 mCi) at the conclusion of the
clamp as we have described previously [38]. Brieﬂy, blood samples
were taken at 10, 20, and 30 min. Mice were euthanized with an
intravenous injection of ketamineexylazine and tissues were
collected, snap frozen in liquid nitrogen, and stored at minus 80 C for
later analysis [41]. eWAT and gastrocnemius muscle lysates were
prepared and glucose uptake was quantiﬁed via scintillation counting
in which the unphosphorylated 2-[14C] DG fraction was subtracted
from the total fraction to give the quantity of 2-[14C] DG-P. 2-[14C] DG-
P was then expressed relative to blood glucose and 2-[14C] DG
infusion in the blood.
2.5. Analytical techniques
Liver tissue was powdered on dry ice and homogenized in cell lysis
buffer using a Precellys 24 Homogenizer (Bertin Technologies; Paris,
France). To quantify liver triacylglycerol (TAG) content, lipids were
extracted with chloroform and methanol [43], were saponiﬁed and
glycerol content measured using Glycerol Reagent (Sigma). Diac-
ylglycerols (DAG) and ceramides were quantiﬁed using the DAG kinase
assay, as previously described [44]. Brieﬂy, lipids were extracted from
freeze-dried liver and gastrocnemius muscle tissue sample that was
incubated in chloroform:methanol:0.2% SDS (1:2:0.8) in PBS. Car-
diolipin/octylglucoside was used to reconstitute the lipids and [g-32P]
ATP reaction mixture was added. The reaction was stopped with
chloroform:methanol (2:1) and samples were separated by thin layer
chromatography as described previously [41]. To measure glycogen
content, liver tissue was incubated in 6N HCl at 80 C and then
neutralized with 6N NaOH. Glucose content was then measured using
a Glucose Assay (Sigma).
2.6. Adipose tissue macrophage collection
Adipose tissue macrophages were isolated as previously described
[34]. Brieﬂy, adipose tissue was minced and digested with Type II
Collagenase (Sigma). The resulting cell suspension was ﬁltered
(100 mm cell strainer) and centrifuged (500 g for 5 min). Pellet was re-
suspended in recommended medium (2% FBS, 1 mM EDTA) and
labeled with CD11bþ PE Labeling Reagent, PE Selection Cocktail, and
Magnetic Nanoparticles (StemCell Technologies; Vancouver, BC).
Macrophages were separated using the EasySep kit magnet. Mac-
rophages were resuspended in 1 mL TRIzol Reagent (Invitrogen;
Carlsbad, CA) and stored at 80 C.MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier GmbH. This is an op
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A small piece of liver and adipose tissue were dissected and formalin-
ﬁxed in 10% buffered formalin. Parafﬁn-embedding and slicing of
5 mm thick sections were completed by trained technicians in the
histopathological lab in the Department of Medicine at McMaster
University. Sections of liver and adipose tissue were stained with
hematoxylin and eosin (H&E) to assess the overall degree of steatosis
compared between groups. In addition, a section of liver was made for
trichrome staining. Collagen content (area ﬁbrosis) was quantiﬁed
using ImageJ software. Sections of adipose tissue were also prepared
for immunohistochemistry (IHC) to assess macrophage inﬁltration in
the adipose tissue. Parafﬁn-embedded adipose tissue was dewaxed
and rehydrated to perform antigen retrieval by boiling (15 min) the
slides in 10 mM sodium citrate (pH 6.5). Endogenous peroxidase was
quenched (1% fetal calf serum and 3% hydrogen peroxide in PBS) and
tissue samples were then blocked (5% normal rabbit serum) for
40 min, incubated with Avidin D (Biotin/Avidin Blocking Kit, Vector
Laboratories; Burlinghame, CA) for 15 min, and incubated with Biotin
(Biotin/Avidin Blocking Kit, Vector Laboratories) for 15 min. Sections
were then incubated with primary antibody rat anti-mouse F4/80
(1:100) (AbD Serotec, Oxford, UK) for 2 h, a biotin-conjugated sec-
ondary antibody (1:50) (Vector Laboratories) for 1 h, and Vectastain
ABC solution (Vector Laboratories) for 30 min. The sections were
developed using the DAB Substrate Kit (Vector Laboratories) and slides
were counterstained with hematoxylin.
2.8. Real-time quantitative PCR
RNA from liver, adipose tissue, and macrophages were extracted using
TRIzol reagent and cDNA was made using Superscript III Reverse
Transcriptase (Invitrogen), according to manufacturer instructions.
TaqMan Gene Expression Assays (Applied Biosystems; Foster City, CA)
were used for real-time quantiﬁcation with Rotor-Gene 6000 (Corbett
Research; Mortlake, Australia) of (1) liver glucose 6-phosphatase (G6pc,
Mm00839363_m1), phosphoenolpyruvate carboxykinase (Pck1,
Mm01247058_m1), interleukin 1 beta (Il1b, Mm00434228_m1), tu-
mor necrosis factor alpha (Tnfa, Mm00443258_m1), F4/80 (Emr1,
Mm00802529_m1), interleukin 10 (Il10, Mm00439616_m1), macro-
phage arginase (Arg, Mm01190441_g1), inducible nitric oxide syn-
thase (Nos2, Mm01309902_m1), Cd68 (Mm00839636_g1), and (Kc,
Mm00433859_m1) genes; and (2) adipose tissue interleukin-6 (Il6,
Mm00446190_m1), Cd68 (Mm00839636_g1), and F4/80 (Emr1,
Mm00802529_m1), uncoupling protein 1 (Ucp1, Mm01244861_m1),
cell death activator (Cidea, Mm00432554_m1), PR domain containing
16 (Prdm16, Mm00712556_m1), pyruvate dehydrogenase kinase
isoform 4 (Pdk4, Mm01166879_m1), peroxisome proliferator-activated
receptor gamma coactivator-1-alpha (Ppargc1a, Mm00447183_m1),
glucose transporter 4 (Glut4, Mm00436615_m1); adipose tissue
macrophage arginase (Arg, Mm01190441_g1), inducible nitric oxide
synthase (Nos2, Mm01309902_m1), interleukin 1 beta (Il1b); and
adipose tissue and macrophage, chemokine ligand 1 (Kc,
Mm00433859_m1), and tumor necrosis factor alpha (Tnfa,
Mm00443258_m1). Gene expression was measured using the ddCT
method [45], in which the expression of a gene of interest is compared
to that of the housekeeping gene (CycAeMm00839493_m1, Tbpe
Mm00446973_m1 and Rplp0eMm01974474_gH) and expressed
relative to HFD WT.
2.9. Western blotting
Protein extracts were separated by SDS-PAGE, and immunoblotting
was performed after transfer to nitrocellulose membranes. Membranes
were blocked for 1 h at room temperature with 5% BSA in 1x TBSTen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 905
Original article(Tris buffered saline-Tween-20, 25 mM Tris$HCl (pH 7.5), 1 mM NaCl,
and 0.1% Tween-20) and then incubated overnight at 4 C with pri-
mary antibodies (from Cell Signaling, unless indicated) phosphorylated
(p)-acetyl-CoA carboxylase (ACC) Ser79/221 (1:1000), ACC total
(1:1000), pAMPK Thr172 (1:1000), AMPK total (1:1000), pAkt Ser473
(1:1000), pAkt Thr308 (1:1000), Akt (1:1000), pAS160 (Akt substrate
of 160 kDa) Thr642, (1:1000), OXPHOS (MitoSciences, 1:5000), anti-
PGC-1 (Millipore, 1:1000) in liver and/or quadriceps muscle. After
overnight incubation, membranes were washed (3  5 min) in TBST,
incubated at room temperature for 1-hr with corresponding secondary
antibody, washed (3  5 min) with TBST and developed with Clarity
Western ECL Substrate (Biorad). Protein expression was shown relative
to GAPDH (Cell Signaling, 1:5000). Densitometry was performed using
ImageJ software.
2.10. Statistical analysis
Results are expressed as mean  standard error of the mean (SEM)
and analyzed using a two-way ANOVA with Bonferroni post-hoc tests
for group comparisons (unless otherwise denoted), using GraphPad
Prism software. Repeated measures ANOVA was used to measure
body mass, GTT, ITT, and GIR. Signiﬁcance was accepted at p 0.05.
3. RESULTS
3.1. Exercise capacity is increased with HIIT independent of body
weight and adiposity.
To ﬁrst establish that the HIIT activated AMPK, we collected liver from
WT mice following a single training session and found increased AMPK
(Supplementary Figure 1A) and ACC (Supplementary Figure 1B)
phosphorylation. All subsequent data were collected in AccDKI or WT
littermates fed a HFD that were either sedentary or completed the HIIT
protocol 3 times per week for 6 weeks. Consistent with our previous
report [38], we found that WT and AccDKI mice had comparable weight
gain and adiposity when fed HFD (Figure 1A,B). Exercise training did
not alter these variables in either genotype (Figure 1A,B). There was no
difference in liver, eWAT or heart tissue weights between any group
with or without HIIT (Table 1). Furthermore, HFD-fed WT and AccDKI
mice did not show differences in exercise capacity and both improved
time to exhaustion, speed at exhaustion, and distance traversed to an
equivalent degree following HIIT (Figure 1C,D,E). This improvement in
exercise capacity is comparable to what other studies have observed
using higher volume endurance exercise training programs [18,46].
3.2. HIIT improves metabolic ﬂexibility independently of AMPK
phosphorylation of ACC
Energy intake and expenditure, activity levels and substrate utilization
were examined using metabolic cages. We found that HIIT increased
food intake and ambient activity in both WT and AccDKI mice
(Figure 1F,G). Consistent with increased ambient activity, exercise
trained mice had increased energy expenditure (Figure 1H) in line with
elevations in VO2 and VCO2 (Figure 1I). This increase in VO2 was not
due to alterations in basal metabolic rate, which was comparable
between sedentary and exercise trained mice irrespective of genotype
(Figure 1J), suggesting that increases in VO2 were the result of an
increase in activity levels. There were no differences in respiratory
exchange ratio (RER) (Figure 1K), carbohydrate oxidation (Figure 1L), or
lipid oxidation (Figure 1M) between sedentary HFD-fed WT and AccDKI
mice. However, HIIT increased RER and calculated rates of carbohy-
drate oxidation while suppressing lipid oxidation in both WT and
AccDKI mice (Figure 1K,L,M), ﬁndings suggestive of improved whole-
body insulin sensitivity following exercise training [47,48].906 MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier Gmb3.3. HIIT improves insulin sensitivity independently of AMPK
phosphorylation of ACC
All of the assessments of glucose homeostasis were completed 48e
72 h after treadmill running to minimize the acute insulin sensitizing
actions of exercise. Consistent with our previous ﬁndings [38],
sedentary HFD-fed WT and AccDKI mice had comparable fed blood
glucose (Figure 2A), fasting blood glucose and serum insulin levels
(Figure 2B,C). Insulin tolerance test (ITT), glucose tolerance test (GTT),
and corresponding area under the curves (AUCs) were also comparable
between WT and AccDKI mice (Figure 2DeI). While no chow group was
examined in this study, these measures of glucose and insulin were all
much higher than we have previously reported in chow fed WT and
AccDKI mice [38] or other mice fed a chow diet in our laboratory [49],
indicating the development of insulin resistance following the
12 weeks of HFD. Importantly, HIIT reduced fed (Figure 2A) and 12 h
fasted (Figure 2B) blood glucose levels and tended to improve fasting
serum insulin levels (Figure 2C). Insulin tolerance tests indicated im-
provements in whole-body insulin sensitivity byw20% in both WT and
AccDKI mice following HIIT (Figure 2D,E,F); however, surprisingly,
glucose tolerance was not signiﬁcantly different (Figure 2G,H,I).
3.4. HIIT reduces muscle DAG and increases skeletal muscle Akt
phosphorylation
To examine the mechanisms mediating improvements in insulin
sensitivity, we conducted hyperinsulinemic-euglycemic clamps. An
important caveat of this experiment is that based on the time to
catheterize the mice and allow recovery, the clamp was completed 5
days after the last exercise bout and, as such, signiﬁcant detraining
effects may have occurred, thus minimizing differences between the
sedentary and HIIT intervention groups. In the clamped state, glucose
infusion rates (GIR) were comparable between sedentary WT and
AccDKI mice but, importantly, increased with HIIT, indicating im-
provements in whole-body insulin sensitivity (Figure 3A and
Supplementary Figure 1CeF). Surprisingly, glucose disposal rates
(GDR) were not different between WT and AccDKI mice and only tended
to increase in WT mice that were exercise trained (Interaction
p¼ 0.12) (Figure 3B). Consistent with a similar GDR, 2-DG uptake into
mixed gastrocnemius muscle was comparable between genotypes
(Figure 3C). Skeletal muscle insulin resistance has been associated
with DAG and ceramide accumulation [50,51]. Although there was no
difference either in TAG or ceramide accumulation in skeletal muscle,
HIIT training resulted in reductions in DAG content in both WT and
AccDKI mice (Figure 3D,E). To further assess muscle insulin sensitivity,
the phosphorylation of Akt Ser473, Akt Thr308, and AS160/TBC1D4
Thr642 was determined in clamped quadriceps muscle (Figure 3F).
HIIT training increased Akt Ser473 and Thr308 phosphorylation;
however, surprisingly, the phosphorylation of its downstream substrate
AS160/TBC1D4 phosphorylation was not enhanced (Figure 3F). This
suggests that while improving proximal components of the insulin
signaling cascade, HIIT training was unable to fully rescue HFD-
induced suppression of AS160/TBC1D4 phosphorylation, a ﬁnding
consistent with the similar 2-DG uptake and GDR in the
hyperinsulinemic-euglycemic clamp between sedentary and HIIT
trained mice. Future studies investigating the mechanisms contributing
to this differential response are warranted.
As muscle mitochondrial content is a robust measure of the exercise
training response, we measured protein expression of complexes of
the electron transport chain (OXPHOS) in quadriceps muscle. We found
that AccDKI mice tended to have higher OXPHOS expression
(Figure 3G), a ﬁnding consistent with their modest ﬁber type shift [52].
However, HIIT training only had a tendency to increase OXPHOS proteinH. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Analysis of tissue weights.
HFD HFD þ Exercise
WT AccDKI WT AccDKI
Average SEM N Average SEM N Average SEM N Average SEM N
Liver
Weight (mg) 1275.3 52.8 6 1162.9 35.1 8 1237.9 79.2 8 1260.6 91.9 8
Weight/gram bw (mg/g bw) 33.4 1.7 6 30.6 1.0 8 32.2 1.3 8 32.1 1.5 8
Epididymal adipose
Weight (mg) 2018.1 191.6 6 2375.4 112.7 8 2087.1 74.3 8 2213.0 82.0 8
Weight/gram bw (mg/g bw) 52.7 7.1 6 62.34 2.7 8 55.1 2.7 8 57.0 2.5 8
Heart
Weight (mg) 129.7 3.4 6 119.7 4.1 8 132.5 4.1 8 133.1 3.1 8
Weight/gram bw (mg/g bw) 3.3 0.1 6 3.2 0.1 8 3.5 0.1 8 3.4 0.1 8
Data are expressed as means  SEM.
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Figure 1: HIIT increases exercise capacity and metabolic ﬂexibility independent of body weight and adiposity. (A) Body mass over time of WT and AccDKI mice that were
sedentary or trained using HIIT. (B) Whole-body percent adiposity, with representative CT scan images. Areas highlighted in red represent adipose region. (C) Time to exhaustion,
(D) Speed at exhaustion, and (E) Distance traversed. (F) Average daily food intake. (G) Average daily ambient activity. (H) Average daily energy expenditure. (I) Average daily VO2
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Original articleexpression (Figure 3G). Consistent with similar OXPHOS expression
with exercise training, PGC1-a protein expression was also unchanged
with HIIT training (Figure 3H). Given the robust increase in exercise
capacity (which was measured within 72 h of the last exercise bout),
these data suggest that detraining may have occurred between the last
bout of exercise and the completion of the clamps. This rapid
detraining effect is consistent with other studies, which have also
shown rapid reductions in mitochondrial markers in skeletal muscle
following the cessation of exercise training [53e56].
3.5. HIIT increases adipose tissue glucose uptake without altering
inﬂammation, macrophage inﬁltration or browning markers
In contrast to the muscle, HIIT dramatically improved eWAT insulin
sensitivity, as indicated by increased 2-DG uptake (Figure 4A) and
lower circulating NEFA levels (Figure 4B) during the clamp. eWAT
adipocyte size did not differ between WT and AccDKI mice with or
without exercise training (Figure 4C). We hypothesized that exercise
training improved adipose tissue insulin sensitivity by reducing the
number and inﬂammatory status of adipose macrophages. However,
we found that exercise training did not alter the mRNA expression of
the macrophage markers CD68 and F4/80 (Emr1) (Figure 4D) or the
protein expression of F4/80þ cells in eWAT (Figure 4E), suggesting that
HIIT did not inﬂuence macrophage accumulation in adipose tissue.
There were also no differences in the eWAT mRNA expression of Il6,
Tnfa or the neutrophil chemoattractant Kc with HIIT (Figure 4F). Serum
adipokine levels of IL-6, tPAI01, and resistin also did not differ between908 MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier Gmbmice with or without training (Table 2). Leptin (Interaction p ¼ 0.01)
was lower in WT mice following HIIT (Table 2). These data indicate that
HIIT improves adipose tissue insulin sensitivity independently of ACC
phosphorylation and without altering macrophage inﬁltration or
markers of adipose tissue inﬂammation.
Since adipose tissue macrophages are the primary source of inﬂam-
mation in eWAT, we next isolated this cell type (using a CD11b positive
selection kit) and examined markers of polarization by assessing
arginase and iNOS. Arginase is an anti-inﬂammatory marker expressed
with alternatively activated (M2) macrophages, and iNOS is a pro-
inﬂammatory marker expressed with classically activated (M1) mac-
rophages. Exercise training did not change Arg1 or iNos expression in
adipose tissue macrophages (Figure 4G) nor did it affect the expression
of Tnfa and Il1b (Figure 4H). There was a strong tendency for the
chemoattractant Kc to be reduced with exercise training (p ¼ 0.07)
(Figure 4H). Collectively, these data suggest that HIIT does not alter
adipose tissue macrophage inﬂammation.
Although eWAT is resistant to stimuli that induce “browning” it was
possible that increased 2-DG uptake into this fat pad following
exercise training could potentially be mediated by an increased
population of metabolically active beige/brite adipocytes [57,58].
However, we were not able to detect Ucp1 (data not shown) and
there was no difference in the mRNA expression of Cidea, Prdm16,
Pdk4 and Ppargc1a irrespective of genotype or training status
(Figure 4I). HIIT training also did not result in changes in Glut4
expression (Figure 4I).H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: HIIT improves insulin sensitivity independently of skeletal muscle insulin sensitivity. (A) Clamped glucose infusion rate (GIR) and (B) glucose disposal rate (GDR).
(C) Skeletal muscle 2-DG uptake, (D) TAG, (E) DAG and ceramide accumulation. (F) Skeletal muscle pAkt Thr308/Akt total, pAkt Ser473/Akt total and pAS160 Thr642/GAPDH at the
completion of the clamp (from separate gels). (G) Protein expression of Complex V, Complex IV, Complex III and Complex II/GAPDH of the electron transport chain and (H) PGC1a/
GAPDH in skeletal muscle relative to HFD WT. Number of mice are denoted on the graph. Data are expressed as means  SEM, yyp < 0.01 for difference from sedentary vs
exercise, {p < 0.05 for difference between WT and AccDKI, as determined by two-way ANOVA and Bonferonni post hoc test.3.6. HIIT improves liver insulin sensitivity independently of
alterations in liver fat content or inﬂammation
Hepatic glucose production (HGP) and percent suppression of HGP by
insulin did not differ between sedentary WT and AccDKI mice fed aMOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier GmbH. This is an op
www.molecularmetabolism.comHFD, consistent with our previous ﬁndings [38]. Importantly, exercise
training resulted in reduced HGP and greater percent suppression of
HGP by insulin in both WT and AccDKI mice (Figure 5A,B). Consistent
with greater reductions in HGP, the mRNA expression of theen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 909
Figure 4: HIIT increases adipose tissue insulin sensitivity but does not alter inﬂammation, macrophage inﬁltration or browning markers. (A) Adipose tissue 2-DG
uptake. (B) Clamped circulating non-esteriﬁed free fatty acid levels. (C) Adipocyte size. (D) Adipose tissue Cd68 and Emr1 mRNA expression. (E) F4/80þ cells in adipose tis-
sue. (F) Adipose tissue inﬂammatory markers Il6, Tnfa, and Kc. (G) Adipose tissue macrophage arginase and Nos2 mRNA expression. (H) Adipose tissue macrophage Tnfa, Il1b, and
Kc mRNA expression. (I) Adipose tissue Cidea, Prdm16, Pdk4, Pgc1a, and Glut4 mRNA expression.
Original articlegluconeogenic enzyme G6pase was reduced and there was a strong
tendency (p ¼ 0.06) for reduced Pepck expression in the livers of
clamped WT and AccDKI mice following exercise training (Figure 5C).
We hypothesized that improvements in liver insulin sensitivity would be
accompanied by reductions in liver lipid content but found that sur-
prisingly TAG, DAG, and ceramide content in the liver were comparable
(Figure 5D,E). Histological examination of the livers supported similar
amounts of lipid deposition and there were no changes in liver ﬁbrosis
with HIIT or between genotypes (Figure 5F). No differences were
observed in liver glycogen content (Figure 5G). Consistent with similar
degrees of liver lipid content and ﬁbrosis, HIIT did not reduce the
expression of a number of markers of liver inﬂammatory status (I11b,Table 2 e Serum cytokine levels.
HFD
WT AccDKI
Average SEM N Average SEM
Leptin (rg/mL) 10916.3 798.7 10 9783.7 776.9
IL-6 (rg/mL) 9.9 0.6 10 7.9 1.0
tPAI-1 (rg/mL) 2130.4 307.5 10 2624.3 855.2
Resistin (rg/mL) 4156.0 300 10 4153.8 466.7
TNF-a (rg/mL) Not detectable 10 Not detectable
MCP-1 (rg/mL) Not detectable 10 Not detectable
Data are expressed as means  SEM, ***p < 0.001, for difference between WT sedentary v
ANOVA and Bonferonni post hoc test.
910 MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier GmbIl10, iNos, and Arg e Table 3), and surprisingly, increased the
expression of Tnfa and F4/80 (Emr1) (Table 3). However, the mono-
cyte/macrophage markers Cd68 and Kc were lower in both WT and
AccDKI mice that were exercise trained (Table 3). Despite similar lipid
content and ﬁbrosis, there was a reduction in serum ALT and AST
levels with HIIT in both WT and AccDKI mice (Figure 5H) and a
reduction in the ALT/AST ratio (Figure 5I).
4. DISCUSSION
Consistent with studies in humans, we found that HIIT led to a sub-
stantial improvement in exercise capacity without altering body massHFD þ Exercise
WT AccDKI
N Average SEM N Average SEM N
7 6466.9*** 852.8 9 9570.4 920.7 10
6 8.0 0.5 10 10.9 1.1 10
7 2045.7 295.2 10 1950.1 263.5 10
8 4080.1 450.6 9 4502.5 483.6 10
7 Not detectable 9 Not detectable 10
7 Not detectable 9 Not detectable 10
s WT exercise; xxp < 0.01, for difference from WT vs AccDKI, as determined by two-way
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: HIIT improves hepatic insulin sensitivity independent of ACC phosphorylation and liver triglycerides. (A) HGP and (B) percent suppression of insulin. (C) Relative
expression of liver gluconeogenic gene expression of G6pase and Pck1. (D) Liver TAG content. (E) Liver DAG, and ceramide content and representative liver H&E images. (F) Liver
area of ﬁbrosis and representative liver trichrome stain images. Fibrosis represented by collagen is stained in blue. (G) Liver glycogen content. (H) Serum ALT and AST con-
centrations. (I) ALT/AST ratio. Number of mice is denoted on the graphs. Data are expressed as means  SEM, yp < 0.05, yyp < 0.01, yyyp < 0.001 for difference from sedentary
vs exercise, as determined by two-way ANOVA and Bonferonni post hoc test.or adiposity and that this was accompanied by signiﬁcant reductions in
fasting and fed blood glucose levels. HIIT improved adipose tissue
insulin sensitivity independently of adipocyte cell size, macrophage
accumulation in adipose tissue, adipose tissue inﬂammation or
markers of adipose tissue browning. HIIT also improved liver insulin
sensitivity independently of reductions in liver TAG/DAG/ceramide
levels. Importantly, improvements in adipose and liver insulin sensi-
tivity occurred independently of ACC phosphorylation, which we have
previously shown is required for the insulin sensitizing effects of
metformin [38]. These ﬁndings indicate that HIIT can uncouple
inﬂammation and lipid metabolism from insulin sensitivity and does not
depend on AMPK phosphorylation and inhibition of ACC.
Our HIIT training protocol is similar to that originally proposed by the
Gibala laboratory, which involved 60 s of intense exercise (at 100% of
VO2 max) followed by 75 s of rest, repeated for 8e12 cycles, 3 times
per week [59]. Importantly, this study demonstrated that the adapta-
tions achieved in regards to muscle mitochondrial biogenesis were
similar to those obtained with more than 5 times the volume of
endurance (50e70% of VO2 max) exercise training [59]. While there
are higher intensity protocols that utilize less time, these protocols may
not be appropriate for obese individuals with cardiometabolic disease.
And while we acknowledge that the protocol we have used is still
longer than that used in many human studies, it constitutes only
90 min of treadmill running per week, which e to the best of our
knowledgee is the lowest volume of exercise shown to have a positiveMOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier GmbH. This is an op
www.molecularmetabolism.comeffect on insulin sensitivity in obese rodents. Importantly, this volume
of exercise is approximately 75% less than the majority of studies
conducted in rodents which typically complete around 60 min of
treadmill exercise per day 5 days per week [20e22,25,26,60]. In
future studies, it will be interesting to titer down the work volume to
determine the minimal exercise volume necessary to elicit improve-
ments in insulin sensitivity in rodents.
Research indicates that improvements in insulin sensitivity with HIIT
are comparable to [61,62], if not greater than [61,63], improvements
elicited by moderate intensity continuous endurance exercise. Impor-
tantly, a number of studies have demonstrated that HIIT can improve
insulin sensitivity, independent of weight loss and adiposity, in adults
who are sedentary [6], overweight/obese [9] or have type 2 diabetes
[7,8]. However, these studies provide little information regarding the
tissue-speciﬁc mechanisms by which HIIT may improve insulin
sensitivity; although it was generally assumed that the primary effects
resulted from improvements in muscle insulin sensitivity. Therefore,
our ﬁndings from hyperinsulinemic-euglycemic clamps indicating that
HIIT improves adipose tissue and liver insulin sensitivity provide
important information regarding the mechanisms by which HIIT im-
proves glycemic control. Future studies using clamps are warranted to
investigate whether adipose tissue and liver insulin sensitivity are also
improved in humans performing HIIT.
Consistent with our previous ﬁndings [38], weight gain/adiposity be-
tween sedentary WT and AccDKI mice on the HFD was comparable. Asen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 911
Table 3 e Analysis of liver inﬂammatory markers.
HFD HFD þ Exercise
WT AccDKI WT AccDKI
Average SEM N Average SEM N Average SEM N Average SEM N
Il1b 1.16 0.33 7 0.95 0.15 6 1.13 0.26 7 1.19 0.20 8
Tnfa 1.11 0.22 7 1.56 0.31 6 2.93yyy 0.74 7 3.12yyy 0.51 8
Erm1 1.03 0.14 7 1.43 0.14 6 2.24yyy 0.19 7 2.13yyy 0.27 8
Il10 1.13 0.28 7 1.52 0.37 6 1.60 0.33 7 1.61 0.30 8
Nos2 1.08 0.21 7 1.64 0.54 6 0.73 0.29 7 0.94 0.28 8
Arg 1.10 0.24 7 0.94 0.11 6 0.87 0.09 7 0.69 0.10 8
Cd68 1.06 0.18 7 0.97 0.47 6 0.69y 0.07 7 0.76y 0.04 8
Kc 1.26 0.40 7 1.53 0.36 6 0.61yyy 0.22 7 0.64yyy 0.15 8
Data are expressed as means  SEM, yp < 0.05, yyyp < 0.001, for difference from sedentary vs exercise, as determined by two-way ANOVA and Bonferonni post hoc test.
Original articleintended by our selection of the exercise training program, there were
no changes in body mass or adiposity compared to sedentary mice.
This allowed for examination of the metabolic effects of exercise
without the confounding inﬂuence of differences in adiposity. We found
that despite similar adiposity and body weight, HIIT increased daily
food intake in both WT and AccDKI mice, which appeared to be offset
by elevations in spontaneous physical activity and subsequent in-
creases in oxygen consumption and energy expenditure compared to
sedentary controls. This is especially important since many animal
studies examining effects of exercise training on insulin sensitivity
[21,64,65], liver lipids [18e23,66e68] and white adipose tissue
inﬂammation [24,25] all showed reductions in body mass, making it
difﬁcult to directly assess the effects of exercise training.
We found that our exercise training program in obese mice induced
similar improvements in exercise capacity and insulin sensitivity
compared to previous studies examining effects of endurance training
[24,25]. In contrast to the ip ITT, the ip GTT did not show signiﬁcant
improvements with HIIT in either genotype, although a tendency was
present in the WT mice. The reason for the lack of clear effect on
glucose tolerance is likely related to the fact that we conducted an ip
rather than oral GTT. Previous studies have demonstrated that exercise
enhances glucose tolerance due to IL-6 stimulation of GLP-1 [69], an
effect that would not be expected to be enhanced due to the ip delivery
of glucose. As we did not collect blood during the ip GTT, it is not
possible to measure serum insulin or GLP-1 but we would hypothesize
that insulin may have been lower in the exercise-trained mice. Future
studies completing oral glucose tolerance tests and investigating the
effects on this response are warranted.
Improvements in whole body insulin sensitivity following HIIT were
associated with marked increases in eWAT 2-DG uptake and re-
ductions in circulating NEFA during the hyperinsulinemic-euglycemic
clamp, indicating improvements in white adipose tissue insulin
sensitivity. However, in contrast to previous exercise training studies,
we did not detect reductions in markers of eWAT macrophage
inﬂammation that have been linked to insulin resistance in obesity
[11,70,71]. These data suggest that reductions in inﬂammation with
exercise training reported by previous studies are most likely due to a
loss of adiposity. Our studies also suggest that improvements in adi-
pose tissue insulin sensitivity with HIIT can occur independently of
reductions in inﬂammation. These results are in agreement with
several recent studies, which have also detected a dissociation be-
tween adipose tissue inﬂammatory status and insulin resistance
[72,73]. Due to limited quantity of tissue, we were unable to assess912 MOLECULAR METABOLISM 4 (2015) 903e915  2015 The Authors. Published by Elsevier Gmbadipose insulin signaling in our study. In future studies, it will be
important to examine the mechanisms by which exercise improves
adipose tissue insulin sensitivity.
In addition to improving adipose tissue insulin sensitivity, we also
found that HIIT improved hepatic insulin sensitivity, an effect that
occurred independently of reductions in liver lipid content. Many
studies in rodents [18,23,66e68] and humans [16,17,74] have indi-
cated that exercise training can lower liver fat content. As small re-
ductions in adiposity can have a large impact on liver fat content [75],
interpreting the relative importance of exercise training on reductions
in liver fat content has been difﬁcult given that there are also re-
ductions in adiposity in most studies. Our ﬁndings indicating that HIIT
does not alter adiposity or liver fat content suggest that exercise alone
is likely insufﬁcient to lower liver lipid content. Surprisingly, despite
similar lipid content, the ALT:AST ratio was lower, suggesting that liver
damage induced by HFD was blunted following HIIT training. Future
studies examining liver fat content and markers of liver function
following HIIT training in humans are warranted.
A limitation of this study is that only one type of exercise training was
used and does not speak to the effects of other training types. HIIT is
generally associated with greater use of carbohydrates rather than
lipids in comparison to high-volume endurance exercise training [76].
Future studies directly comparing HIIT to classical endurance exercise
training in mice would help delineate potential differences between
these two types of training. Another limitation of our study was that we
did not detect improvements in skeletal muscle insulin sensitivity,
which may have been due to the hyperinsulinemic-euglycemic clamps
being conducted 5 days after the last bout of exercise. Future studies in
which mice are clamped 72 h after the last exercise bout may be
important to avoid detraining effects in muscle.
In summary, HIIT improved exercise capacity and whole-body glucose
homeostasis by enhancing liver and adipose tissue insulin sensitivity.
These effects were independent of reductions in adiposity/adipose
tissue cell size indicating the therapeutic potential of exercise inde-
pendent of weight loss. Improved insulin sensitivity was also inde-
pendent of adipose tissue inﬂammation, macrophage inﬁltration/
inﬂammation or reductions in liver lipid content indicating dissociation
between these parameters and insulin resistance. Lastly, we
demonstrated that in contrast to metformin, HIIT exercise training
improves insulin sensitivity independently of the AMPK-ACC signaling
pathway. Future studies identifying the mechanism by which HIIT
improves insulin sensitivity may reveal novel strategies to improve
glucose homeostasis in individuals with type 2 diabetes.H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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